We study constraints on the general gauge mediation (GGM) parameter space arising from low-energy observables in the MSSM and NMSSM. Specifically, we look at the dependence of the spectra and observables on the correlation function ratios in the hidden sector where supersymmetry is presumably broken. Since these ratios are not a priori constrained by theory, current results from the muon anomalous magnetic moment and flavor physics can potentially provide valuable intuition about allowed possibilities. It is found that the muon anomalous magnetic moment and flavor-physics observables place significant constraints on the GGM parameter space with distinct dependences on the hidden sector correlation function ratios. The particle spectra arising in GGM, with the possibility of different correlation function ratios, is contrasted with common intuition from regular gauge mediation (RGM) schemes (where the ratios are always fixed). Comments are made on precision gauge coupling unification, topography of the NLSP space, correlations of the muon anomalous magnetic moment with other observables, and approximate scaling relations in sparticle masses with respect to the high-scale correlation function ratios.
Introduction
Supersymmetry (SUSY) is considered to be one of the most promising extensions to the standard model (SM), since it potentially explains many of the problems in it. In all supersymmetric extensions of the SM it is required, for reasons of viability, that SUSY be broken in a hidden sector which then gets communicated to the visible sector (see for example [1] and references therein). An appealing implementation of this SUSY breaking paradigm has been regular gauge mediation (RGM) [2] since it solves the flavor problem and at the same time is parsimonious compared to, for instance, gravity mediation. The phenomenology of the RGM implementations have been studied extensively in the MSSM and its extensions (see for example [2] and related citations).
Recently it was pointed out in [3] that the parameter space of gauge mediation is potentially larger and a convenient parametrization to account for and study this was introduced there with the terminology of general gauge mediation (GGM). Since then there have been many studies exploring the phenomenology of this enlarged parameter space [4, 5, 6, 7, 8, 9, 10] . Also, on the theoretical side, the ideas have since been extended [11, 12, 13, 14, 15, 16] . The mass spectra in GGM was first investigated in [4] where it was pointed out that the spectra could be very distinct from minimal gauge mediation. For the MSSM, an investigation of the NLSP topography for various GGM correlation function ratios was instigated in [5] and more recently the prompt decays of NLSPs and co-NLSPs were investigated in [6] and [7] . Low-energy observables with fixed ratios of the correlation functions were investigated in [8] and in [9] benchmarks points in GGM were discussed (again for fixed ratios), in the context of LHC searches.
We wish to complement the studies of [4, 5, 8, 9] , by exploring the effects of different hidden sector correlation function ratios on low-energy observables and the NLSP topography, in the context of the Minimal Supersymmetric Standard Model (MSSM) and the Next-to-Minimal Supersymmetric Standard Model (NMSSM). The hope in the present study is that since these ratios are not a priori constrained by theory, current results from the muon anomalous magnetic moment and flavor-physics observables can be useful guides. If low-energy SUSY is discovered at the LHC and if the soft masses can be measured to very good accuracy (∼ 1% uncertainty) sometime in the future, then it may even be possible to determine the correlation functions at the high scale to good precision using renormalization group invariants [17, 18] . More recently, the role of the GGM messenger scale in the context of mass sum rules and RG invariants was considered in [19, 20] In the next two subsections we introduce our notations and definitions for the MSSM and NMSSM, and then proceed to review relevant features of RGM and GGM that are the main focus of our investigation. Then in section 2 we briefly review some of the low-energy observables and collider bounds that we use to constrain GGM and to explore correlation function dependences. In section 3 we present our numerical study along with results and observations. Section 4 is the summary.
The MSSM and NMSSM
MSSM is a supersymmetric extension of the SM where the effects of SUSY breaking are parametrized by super-renormalizable soft terms. For reasons of anomaly cancellation and holomorphicity of the superpotential there are two Higgs doublets in the MSSM apart from the sparticles. In this subsection we fix our notation.
The superfields (denoted by a 'ˆ' ) in the MSSM are defined as 
where we define A · B = ij A i B j . The corresponding soft SUSY breaking terms in the MSSM may be parametrized as
whereB,W andg are the gauginos corresponding to U (1) Y , SU (2) L and SU (3) C respectively. We have the usual definition for tan β 4) and the soft mass terms, A-terms and Bµ are defined in the standard way [1] . The MSSM Higgs potential has four free parameters µ, Bµ, m Using the minimization conditions we may trade some of these parameters for others, for instance tan β and M Z 0 . Augmenting the MSSM with a singlet chiral superfield N we may define the NMSSM superpotential as (see for example [21] )
(1.6)
The corresponding soft SUSY breaking masses and couplings in the NMSSM are
Usually a simpler NMSSM potential is considered by imposing scale invariance whereby the parameters µ, µ , ξ F , m 2 3 , m 2 N and ξ N are vanishing. This potential has a discrete Z 3 symmetry and the Higgs sector is described by seven parameters
(1.8)
One may again use the minimization conditions for the NMSSM Higgs potential to trade some of these for other quantities.
Regular Gauge Mediation and General Gauge Mediation
The need for a separate SUSY breaking sector to accommodate viable phenomenology is well known. In this paradigm the SUSY breaking is expected to occur in a separate hidden sector and the SUSY breaking is then communicated to the visible sector directly/indirectly. If the mediators between the hidden and visible sector are physical particles then they constitute the messengers of the SUSY breaking. The mass scale associated with these messenger superfields is termed the messenger scale. A particular realization of this scheme is gauge mediation where the messenger fields are assumed to be flavor blind.
In regular gauge mediation (RGM), the gaugino and sfermion soft masses arise from loops involving messenger fields and are given by [2] 
where
(1.10)
are the quadratic Casimirs, M m is the messenger scale and N m is the number of copies of the messenger particles in the loop (or in other words the sum of the Dynkin indices). The RGM includes both minimal gauge mediation, where N m = 1, and non-minimal gauge mediation where N m > 1.
For small x, f (x) → 1 and g(x) → 1 in Eq. (1.9). This implies that for N m = 1 11) since the sfermion mass squared is at 2-loop while the gaugino mass is at 1-loop. In RGM we can certainly tune the gaugino to sfermion mass ratio to some extent by increasing N m , but beyond a point it is very difficult without further inputs to get a viable model along with gauge coupling unification. We will see that in GGM it is easier to get large or small gaugino to sfermion mass ratios naturally. In RGM, the gravitino is always the LSP since 12) and M m M pl . At low (electroweak) scale α 1 , α 2 < α 3 and hence the NLSP is usually theχ orl in large regions of the parameter space.
Moreover due to gauge coupling unification and the fact that M a /g 2 a is an RG invariant (to one-loop order) it is always true, at any scale, that 
(1.14)
ρ (where ρ is a vector, fermion or scalar index) are associated with the currentcurrent correlators in the hidden sector, C 2 (f |r) are again the quadratic Casimirs, ζ is a possible Fayet-Iliopoulos term (D-term) and M s is some characteristic soft SUSY-breaking scale associated with the hidden sector. With this definition note that the correlation functions (B r ,Ã r ) are dimensionless. Also note that the subscript 'r' labels the associated SM gauge group. Henceforth we will abbreviateB 1/2 r (0) as justB r , not to be confused with the notation for a bino (B) that has no subscript index.
In the GGM parametrization the interpretation of the messenger sector is enlarged to accommodate more general scenarios, for instance, cases where the sector is strongly coupled and there are no explicit messenger particles. Note that the RGM limit can be obtained from the GGM scenario by considering points in the vicinity of 16) for the case when there is no inter or intra hierarchies among theB r andÃ r . By considering points near the above region we can accommodate both minimal and non-minimal RGM cases. Thus now we have the varied possibilities 17) depending on the correlation function hierarchies (i.e. hierarchies amongB r andÃ r ). Also note that it is the case that in general now 18) at any scale, even when there is gauge coupling unification, due to possibly differentB r = M r /g 2 r .
On a final note, the Fayet-Iliopoulos term (ζ) that makes an appearence in the expression for the sfermion masses is potentially dangerous since it could lead to tachyonic masses. It is usually set to zero due to this by imposing some discrete symmetry like messenger parity [3] .
Low-energy observables and constraints

Anomalous magnetic moment of the muon
The anomalous magnetic moment of the muon has been measured to very good precision. Current measurements yield a value [23] [a µ ] Exp = (11 659 2080.0 ± 54 stat ± 33 syst ) × 10 −11 (2.1)
The theoretical contributions may be divided as [22, 23, 24, 25] [ In the MSSM the 1-loop contributions to the muon anomalous magnetic moment come from loop diagrams with a chargino-sneutrino and neutralino-smuon in the loop and are given by [26] 
where i = 1 . . . 4 and k = 1, 2 denote the χ 0 and χ ± , m = 1, 2 denotes theμ index. Also we have the definitions
The matrices U, V, N, Uf relate the mass eigenstates to the interaction eigenstates for the gauginos, Higgsinos and sfermions and are defined as 
12)
14)
To get some intuition about the above 1-loop contributions let us make some simplifying assumptions. Let us take tan β to be large with all soft masses roughly equal to a common scale M SU SY ; then the above expressions may be approximated as
where real parameters and equal signs of M 1 and M 2 have been assumed. From the above approximate expressions it is clear that the χ ± contribution to a µ is numerically larger than theχ contribution. It is also noted that the sign of the SUSY contribution is determined by the sign of µ. We can estimate a large class of 2-loop contributions by noting that the large logarithms arising from QED corrections to one-loop SUSY diagrams may be quantified as
This leads to a reduction by a few percent of the LO contributions. The contributions to a µ at 1-loop in NMSSM are identical to those in the MSSM provided that we take into account the additional singlino state in theχ calculation. The CP-even and CP-odd parts of the singlet field N in the NMSSM will mix with the neutral components of the Higgs doublets. In certain regions of the parameter space it is therefore possible to have a relatively light CP-odd Higgs scalar which can provide a significant contribution to a µ .
In the SM or MSSM, Higgs effects are usually negligibly small because of the current lower bounds on the Higgs masses. The SM 1-loop Higgs diagram, for instance, is about 2-3 orders of magnitude below experimental sensitivity for m h 114 GeV.
In the NMSSM on the other hand the mass bounds are relaxed relative to the MSSM. In the NMSSM the lightest CP-odd Higgs boson a 1 can be as light as a few GeV and still satisfy constraints from flavor physics, especially from Br(B s → µ + µ − ), for low values of tan β or when the loop-induced coupling is small.
The SUSY Higgs contributions (CP-even, CP-odd and charged) to a µ may be calculated as [27] 
where X ij , Y ij are the Higgs mixing matrices for the CP-even and CP-odd cases. It has been noticed previously that the 1-loop and 2-loop Higgs contributions come with opposite signs. Moreover it is seen from the above formula that the 1-loop CP-odd scalar contribution is negative. This will be potentially relevant to the NMSSM case where there is an extra CP-odd Higgs that could be relatively light.
Flavor-physics constraints
Flavor physics can place strong constraints on supersymmetry since flavor-changing (FC) contributions that are in general loop-suppressed can become important due to tan β enhancement. We use the flavor observables shown in Table 1 in our study of the GGM
Flavor-physics Observables
Measurements 2σ bounds [29, 30, 31, 32, 33, 34, 35] . Most of the intervals are adopted from the relevant table in the SuperIso manual [36] . For details on the derivation of these intervals the reader is pointed to references therein. The flavor observables listed in the table are defined in the text below.
parameter space. The idea is that the hidden sector correlation functions (B r ,Ã r ) determine the sparticle spectra at some large scale which then RG evolve down to the low scale and potentially contribute to the Wilson coefficients of the various meson transitions. The rare branching ratios Br(B → X s γ), Br(B s → µ + µ − ), Br(B → τ ν) and Br(B → Dτ ν) are used with their 2σ intervals to check for viability of points. Note that the best bounds on a charged Higgs in the MSSM are from Br(B → X s γ) as opposed to collider studies. This is a telling feature of the complementary nature of collider and low-energy constraints.
The b → sγ transitions may be parametrized by
where O i (µ) are the relevant operators and C i (µ) are the Wilson coefficients evaluated at the scale µ corresponding to these operators. They may be expressed in the standard operator basis [37] by: The values for the rare branching ratio Br(B s → l + l − ) in the SM to NLO are given by (see for example [28] and references therein)
The current bound on the leptonic branching ratio is
Note that the analogous B d channels will be suppressed relative to the B s case by (f 2
As we have already mentioned, in the NMSSM the lightest CP-odd boson a 1 can be as light as a few GeV and still satisfy constraints from Br(B s → µ + µ − ), for low to intermediate values of tan β.
We also check the contributions to the mass splittings
The ratio of leptonic kaon decays to pion decays in SUSY is
where 0 is a loop factor and δ em is an electromagnetic correction term. R l23 is defined as [35] 
where K l2 and K l3 denote helicity-suppressed (K → lν) and helicity-allowed (K → πlν) decays. 0 + → 0 + denotes nuclear beta-decay. Note that in the SM R l23 = 1. There has been some discussion regarding Br(B → τ ν) and Br(B → Dτ ν) in the context of a relatively light charged Higgs and a possible tension between the current measurements of the two and with (g − 2) µ (For a recent paper discussing this aspect see [38] ). The charged Higgs contribution in the MSSM may be written as [39, 40, 41] 
R τ ντ is the ratio between the measured Br(B u → τ ν τ ) and the SM prediction. The present Br(B → τ ν) measurements seem to suggest no/very small MSSM contribution. The SUSY contribution is generally substantial for large tan β or for light charged Higgs. The differential decay rate of B → D ν can be expressed as [43] 
where p D , p B are the meson four-momenta, w is defined as
35)
In the MSSM, the charged-Higgs (H ± ) contributes to both B → τ ν and B → Dτ ν in a similar way. The relevant Cabibbo-Kobayashi-Maskawa (CKM) factor in the former case is V ub which has a larger uncertainty than V cb , which is the relevant one for B → Dτ ν. Apart from this B → τ ν involves two powers of the QCD form factor f B which must be obtained from lattice calculations and presently has a large uncertainty. The latter process involves two QCD form factors which are better constrained [42] .
are the vector and scalar Dalitz density distributions, respectively.
The Br(B → Dτ ν) may be parametrized using the same Wilson coefficient as [43] 
We would like to emphasize that the persistent indications from the muon anomalous magnetic moment discrepancy suggests some new additional contribution (maybe just from low-energy QCD, hadronic light-by-light or BSM, to speculate on a few sources). To achieve this in the purview of the MSSM/NMSSM one generally needs a sufficient tan β (not necessarily very large though; we use tan β = 10, for instance, and still get sufficiently large contributions to (g − 2) µ in the 3σ interval). Hence we expect some tension between (g − 2) µ and some of the flavor observables in general. Thus imposing both of these will flush out the most interesting regions of the parameter space.
Collider bounds
The direct collider bounds come from various channels. For instance, a promptly decaying NLSP places a limit on Λ = F/M m in RGM of about 100 TeV. For non-prompt NLSPs the lower bound comes from charged sparticle masses and indirect constraints such as the inclusive tri-lepton signal. In both cases, but especially for promptly decaying NLSPs, a heavy spectrum results. The trilepton process can put indirect mass bounds. The process is 37) and proceeds mainly via an s-channel virtual W exchange (and a small t-channel squark exchange) and hence its cross section peaks at M χ ≈ M W /2. Otherwise the cross section falls with increasing χ ± mass with a weak tan β dependence. This puts indirect mass limits on the χ ± masses. The current bounds on the superpartner masses [44] are shown in Table 2 . For the sleptons, constraints from the Z 0 decay width already put a lower bound of ∼ 40 GeV independent of decay modes. The squark case includes cascade decays which gives a slightly lower bound than if the squarks were assumed to decay directly to photinos. Also, in deriving the squark mass bound with cascade decays, fixed values for µ and tan β are taken. This is also true while deriving theg mass bound. It is important to note that these experimental bounds have been derived after imposing certain assumptions some of which are not strictly true in many studies, and definitely not in ours. Hence some of these must be viewed as indicative. Some of these assumptions include [44] :
• Conservation of R-parity.
• Gaugino mass unification at the GUT scale.
•χ 0 1 is the LSP.
• All scalar quarks are assumed to be degenerate in mass except fort andb.
• mq R = mq L
• The mass ofG, in the decay final states, is neglected relative to the other masses.
• Some of the mixing angles are small. For instance, bounds from e + − e − collisions depend on the mixing angle of the lightest squark mass eigenstate. It is assumed that onlyb andt have non-trivial mixing angles in this case.
There are also model dependences, for instance, in NMSSM the mass of the lightest CPodd Higgs can be quite small as opposed to a bound of 93.4 GeV. In Table 2 also note that we have taken the bound on the lightest CP-even Higgs, m h , to be 111 GeV rather than the usual LEP bound value of 114 GeV, to accommodate a possible ∼ 3 GeV uncertainty in the theoretical Higgs mass calculation.
Analysis
Numerical analysis and strategy
We have taken the mediation/messenger scale (M m ) to be high, in the vicinity of the GUT scale
The study may be extended for other messenger scales in a straightforward manner. Imposing the messenger scale to be Λ GU T makes comparison with mSUGRA and gaugino mediation (with a compactification scale ∼ Λ GU T ) convenient and to lowest order removes any effects which are solely due to RG running from GUT scale to low scale (electroweak). In this context the reader is also referred to [19, 20] . The characteristic scale associated with the hidden sector is M s . With this definition the correlation functions (Ã r ,B r ) become dimensionless. The GGM masses, Eq. (1.14), are imposed at the messenger scale as functions of the correlation functions (Ã r ,B r ) and then RG evolved to the low scale. For completeness, we give the 1-loop RG equations for the MSSM and NMSSM in the Appendices. For the complete 2-loop RG equations the reader is directed, for example, to [45, 46] . One point we would also like to emphasize is that we do not take Bµ as the fundamental quantity, in contrast to an interesting study in [8] for instance, and instead choose to keep tan β fixed at 10 to more readily compare with various benchmark scenarios in the literature. If Bµ is taken as the fundamental quantity and to be vanishing at the GUT scale (by adopting a strict interpretation of gauge mediation) then tan β is no longer an input and comes out to be large (∼ 15 − 65) as in [8] . A higher value of tan β can fit ∆ a µ for a heavier sparticle spectrum but for small to intermediate values for tan β it is easier to accommodate flavor-physics constraints. We also adopt a pure gauge mediation setting where the assumption is that the generation of µ is independent of the SUSY-breaking and the GGM scenario. As we previously mentioned the MSSM Higgs sector has 4 free parameters and the NMSSM Higgs sector has 7 free parameters. We use the minimization conditions to trade Bµ for tan β. The µ parameter is calculated at the low scale, using the minimization conditions, to be consistent with the input Z 0 mass (M Z 0 ). Thus the actual inputs we choose in the MSSM Higgs sector are
Here tan β is chosen at the scale of EWSB. Notice that H u and H d carry the same quantum numbers asl L . Thus we will assume that the predominant contribution to m 2 Hu and m 2
at the high scale are same as thel L soft mass contributions. As previously mentioned benchmark value of tan β = 10 is adopted throughout our study, since our main focus is on the effects of the hidden-sector correlation function ratios.
In the scale-invariant NMSSM case we take a slightly different set of inputs. The three Higgs potential minimization conditions in the NMSSM may be written as [21] 
Here
The above minimization conditions may be used to eliminate three of the soft scalar mass terms. Using this freedom we choose the inputs 5) at the low scale. For our study we take tan β = 10 as before, λ = 0.1, κ = 0.1, A λ = 150, A κ = 0 and µ eff. is taken to be 210 GeV. Once again other suitable choice of parameters may be made, but our main focus in this study is on the dependence of the low-energy observables and spectra on the hidden-sector correlation function ratios. A very comprehensive and detailed study of the NMSSM parameter space with various choices of the parameters may be found in [21, 47] and references therein. Since the MSSM contribution to the muon anomalous magnetic moment depends on sgn(µ), currently µ > 0 seems to be slightly favored and we focus on a positive value throughout.
We have used the following codes in their original and modified forms : SuSpect [48] , SuperIso [36, 49] and micrOMEGAS [52, 51, 50] . We have cross-checked the theoretical predictions of the low-energy observables between the programs and also independently estimated some of their values directly from the low-energy spectra. For the NMSSM we use our code to implement GGM soft masses at the GUT scale and evolve it down to a low scale (Electro-weak). The NMSSM RGEs are implemented only to 1-loop (see Appendix B.) and are found to introduce an error in the spectra of atmost ∼ 10 − 15%, mainly in the third generation, in comparison with mSUGRA 2-loop NMSSM implementations (for example in NMSSMTools [53, 54] ). At the low scale we have also used NMSSMTools [53, 54] to calculate and cross-check some of the low-energy observables.
Features of the parameter space
We parametrize the various correlation function ratios with the notation
where theB r andÃ r are defined as in Eq. 1.14. There are a couple of caveats. Note that there could be a hierarchy between theB r andÃ r correlation functions even when the case under consideration is (1 : 1 : 1|1 : 1 : 1). We elaborate on this below. We also remind ourselves that in order to make theB r andÃ r dimensionless, we have factored out a common scale M s = 2 × 10 9 GeV, that may be thought of as a characteristic scale for the hidden sector. But this is just our convention.
To keep the investigation of low-energy observables manageable we will mainly focus on scenarios where the ratios are mirrored between theB r andÃ r ( i.e. the ratio associated with the SU (2) L and SU (3) C correlation functions with respect to the U (1) Y correlation functions are the same for bothB r andÃ r ). Other scenarios may be considered in a straightforward manner. The viable GGM parameter space for three correlator ratios At these points, in the (1 : 1 : 1|1 : 1 : 1) case, there is no hierarchy between theB r andÃ r . Large parts of the GGM parameter space are excluded purely from requirements of having no tachyonic masses, potential to be bounded from below, absence of charge breaking and perturbative RG evolution. Nevertheless there are viable regions different from RGM that have interesting observables and spectra. There are also non-viable regions in Figs. 3 and 4 where the value of the MSSM contribution to (g − 2) µ is above 3σ relative to the current discrepancy between theory and observation. It is also found that large regions are excluded due to flavor-physics observables with a large overlap with exclusions due to direct collider bounds. Direct collider searches, flavor-physics and muon anomalous magnetic moment give interesting bounds on the gaugino and sfermion masses in the GGM scenario.
Larger gaugino masses can cause the sfermion masses to run to larger values due to RGE and hence lead to more phenomenologically viable regions. Looking at the plots, it is interesting that log 10Ãr does not seem to be bounded from below. This may be understood by noting that, for fixed gaugino soft mass terms, theÃ r → 0 limit implies that at Λ GU T we are basically setting all mf → 0 (since we have set the Fayet-Iliopoulos term ζ = 0, by (1/2) log 10 A α , correspond to RGM scenarios. For the (1 : 3 : 3|1 : 3 : 3) case, regions near the linear band have no RGM interpretation and the band is merely given for comparison. In the figure the acronym RGE NP stands for non-perturbative renormalization group evolution. The exclusions due to (g − 2) µ are shown in red, those due to flavor observables in magenta/pink and those due to direct collider bounds in grey. The white portions represent the allowed regions. say messenger parity arguments). The initial RG running of the sfermion masses from the GUT scale are therefore completely determined by the gaugino soft terms (see Appendix A) and hence the sfermion masses at the low scale approach a constant value as we decreasẽ A r . In RGM there is very little freedom to change the sfermion to gaugino mass ratio except by O(1) factors. The ratio may be tuned by varying the number of messenger fields (non-minimal RGM), but larger ratios may be disfavored since they may spoil gauge coupling unification. In GGM we can explore larger ratios between them generically and even among the three gauge groups, not restricted just by ratios of g 2 a , due to the possibility of hierarchy among the threeB r .
Let us take up the question of precision gauge coupling unification in the MSSM. There is a mismatch in α 3 of about 3% at the GUT scale derived from the unification of α 1 and α 2 . The RG evolution of the coupling constants, taking into account threshold effects, obey
with t ≡ ln(q/µ). The Θ i take into account the thresholds due to the superpartner masses and are given by
where the Heaviside functions above are defined as θf = θ(q 2 − m 2 f ). At a scale much above all the thresholds, the Θ i → 1 (see Appendix A ). . Note that the color scales are different in each case. The point marked with the star symbol is an example point that we will explore later, as a benchmark, in the context of low-energy observables and mass spectra.
A straightforward examination of the above expressions tells us that a heavy wino (w) and/or a light gluino (g) can lead to precision gauge coupling unification by changing the running of α 2 and/or α 3 . The other colored particles can also slow down the running of α 3 but they come with a smaller coefficient and moreover will also lead to changes in the α 1 and α 2 running which makes it more tricky to implement. It is more efficient to work with a lightg as opposed to a heavierw to achieve precision gauge coupling unification since this way one can utilize the larger value of α 3 at lower energies. To lowest order the achievement of precision gauge coupling unification therefore crucially depends on the mass ratios of the gauginos (hence onB 1 :B 2 :B 3 ), specifically that of thew andg (note that the bino (B) does not contribute to the running). Thus in the GGM scenario there is more room for variations in these ratios to possibly improve precision gauge coupling unification at the GUT scale. Figures 5 and 6 show the contribution to the muon anomalous magnetic moment for the same correlation function ratios (1 : 1 : 1|1 : 1 : 1), (1 : 3 : 3|1 : 3 : 3) and (1 : 1/3 : 1/3|1 : 1/3 : 1/3). Note that (g − 2) µ places strong constraints on the space if it is assumed that the MSSM contributions are viable explanations for the current discrepancy (i.e. the contribution is within at least 3σ of the current discrepancy between SM theory and experiment).
In the (1 : 1 : 1|1 : 1 : 1) case the region in the interval log 10 B 1 [−6.5, −6.3] and log 10 A 1 [−18, −13.5] have (g − 2) µ contributions that are in the interesting range for explaining the current discrepancy. Regions with log 10 B 1 −6.5 have even larger Thus in the MSSM a combination of low-energy observables and consistency conditions place severe restrictions on the GGM parameter space. We will later look at the NMSSM case and come to a similar conclusion. In conclusion, for the (1 : 1 : 1|1 : 1 : 1) and (1 : 1/3 : 1/3|1 : 1/3 : 1/3) cases, there is a very narrow band where the (g−2) µ contribution is within the 2σ interval of the current discrepancy. Let us now consider the NLSP species in each of the cases. Figs. 8 and 9 survey the topography of the NLSP species. In the (1 : 1 : 1|1 : 1 : 1) MSSM and (1 : 3 : 3|1 : 3 : 3) MSSM cases the most favored NLSP candidate in the region with interesting values of (g − 2) µ (i.e. within 2σ of the current discrepancy) is the stau (τ ) with a small region (around log 10B1 ∼ [−6.5, −6.3], log 10Ã1 ∼ [−15, −13]) that also accommodates neutralinos (χ 0 ). There are also regions with small contributions to (g − 2) µ that have both the slepton and neutralino as the NLSP. Observe that in the RGM case the NLSP would have been theχ 0 solely and would give a very low value for (g − 2) µ in that region. In this context also note that there are viable regions with M λ m f with aχ 0 NLSP which nevertheless give a very low contribution to (g − 2) µ . Do note that for the above two cases there are boundaries where theχ 0 andl are almost degenerate in mass. In these regionsχ 0 -l coannihilations might be important [5] and could lead to interesting phenomenology. Also note that there are no viable regions with a chargino (χ ± ) or sneutrino (ν) NLSP in these two cases.
In the (1 : 1/3 : 1/3|1 : 1/3 : 1/3) MSSM case the NLSP topography is completely transformed. In contrast to the (1 : 1 : 1|1 : 1 : 1) MSSM and (1 : 3 : 3|1 : 3 : 3) MSSM cases there are viable regions with a χ ± orν NLSP. In the regions with a significant (g − 2) µ contribution, the favored NLSP is now solely theχ 0 . In the approximate interval log 10 B 1 [−5. In the vicinity of these regions again co-annihilations among the almost degenerate NLSP candidates become important and will lead to distinct phenomenology.
A plot of ∆a µ vs. m NLSP is shown in Fig. 10 for the three correlation function ratios.
The filled regions denote the allowed values. It is clear that for each of the cases the allowed values of the NLSP mass are correlated, albeit weakly, with the (g − 2) µ value. We observe that for large values of the (g − 2) µ contribution the allowed range of the NLSP masses is smaller than for lower values of (g − 2) µ . In the (1 : 3 : 3|1 : 3 : 3) case the NLSP mass is within a small interval of [100, 275] GeV. For the (1 : 1 : 1|1 : 1 : 1) and (1 : 1/3 : 1/3|1 : 1/3 : 1/3) cases the NLSP mass is within a broader interval stretching all the way from 100 GeV to ∼ 600 GeV. For a given value of (g − 2) µ the (1 : 1/3 : 1/3|1 : 1/3 : 1/3) case accommodates a wider range of allowed NLSP masses than the (1 : 1 : 1|1 : 1 : 1) case.
The mass of the lightest CP-even Higgs is plotted in Figs. 11 and 12 . For the (1 : 1 : 1|1 : 1 : 1), (1 : 3 : 3|1 : 3 : 3) and (1 : 1/3 : 1/3|1 : 1/3 : 1/3) cases in the region with interesting values of (g − 2) µ , the mass of the lightest CP-even Higgs (including the leading 2-loop corrections) is found to be typically in the interval [114, 125] GeV. The actual value at a given point in parameter space is seen to depend sensitively on the correlator ratios. It is found in general that increasing the ratio of the other correlation functions with respect toB 1 andÃ 1 increases the Higgs boson mass and conversely decreasing the ratio decreases the mass.
RGM models with very large N m have a superpartner spectrum similar to gaugino mediation (where the scale is typically taken close to the GUT scale). GGM can therefore be thought of as an interpolation between RGM and gaugino mediation [5] . This is also another motivation for taking our messenger scale to be near Λ GU T , so as to make it more convenient to compare GGM scenarios with mSUGRA or gaugino mediation scenarios.
Owing to the freedom of current-current correlator ratios there may be scenarios where GGM gives a squeezed superpartner spectrum alleviating the little hierarchy problem. IfB 3 is lower with respect toB 2 , for example, this will compress the low-energy spectrum (making for instance theg-χ mass ratios smaller) while if it is higher it will further increase the hierarchy. For example, at the point (−6.5, −17.5) (MSSM case) in the (log 10B1 , log 10Ã1 ) space (with tan β = 10 and M m = Λ GU T ) going from 
LoweringB 2 with respect toB 3 can similarly make the mass ratio selectively larger. The RGM intuition of large squark (q) to slepton (l) mass ratios need not again necessarily hold true in GGM. This is because generically thel have larger hypercharges and for large enoughÃ 1 the hypercharge term may selectively give a larger contribution tol masses as compared to the squarks. Going from at the high scale with K 1 is seen to decrease theq tol low-scale mass ratio appreciably in large parts of the viable GGM space. Note that this is equivalent to raising the over-all scale of theÃ r correlation functions relative to the scale of theB r correlation functions. the low-energy scale from
Existing models of gaugino-mediation have large hierarchy between sfermion and gaugino masses at the compactification scale (typically ∼ Λ GU T ) which gets washed out at EW scales due to RG running. For instance a typical spectrum in gaugino mediation at the compactification scale (∼ Λ GU T ) may be (see for example [14, 56] )
which exhibits a huge gaugino to sfermion mass ratio of O(4π). This ratio gets reduced to O(1) when we run the masses from Λ GU T to Λ EW [56] . If the compactification scale is taken to be low, then such a "low-scale" gaugino-mediation usually prefers al NLSP over aB NLSP. This is due to the short RG running scale. showing the ∆a µ contribution (top) and the NLSP candidates (bottom). Regions with tachyonic masses or where the solutions to the 1-loop RG equations failed to converge are shown in dark grey. Light grey represents regions excluded by collider bounds, brown denotes regions where (g − 2) µ is above 3σ and magenta represents regions ruled out by flavor-physics constraints. The ∆a µ contribution for this choice of parameters is relatively small. Note that the lightest CP-odd scalar in this case generally has a low mass (see for example the benchmark point in Table 4 ) and its 1-loop contribution is negative. The regions near the linear black band correspond to RGM and it is clear from the plots that, with the current choice of model parameters, most regions with an RGM-like spectra are already excluded. The NLSP is the neutralino (represented in green) in the allowed regions shown.
Generically, GGM may favor non-split (M λ mf ) or mildly split SUSY (in split SUSY we have M λ mf ), characteristic of RGM and direct/hybrid gauge mediation models respectively. For instance as pointed out already in [5] and is clear from our figures there are points in the GGM space that have a spectrum with gauginos lighter than sfermions. These regions in contrast to RGM could give rise to very different phenomenologies. This is characteristic of 'direct gauge mediation' models (where messengers participate in SUSY breaking) which usually have gaugino masses suppressed with respect to scalar masses.
In Figs. 13 and 15 we show for the NMSSM the distribution of (g − 2) µ , NLSP and lightest CP-even Higgs mass in a section of the viable GGM parameter space. For our choice of parameters it is observed that the (g − 2) µ is not very large and in the viable regions theχ 0 is the NLSP.
In Table 3 we show the dependence on the correlation function ratios for a benchmark point, in the MSSM, chosen so that the lightest CP-even Higgs mass is near the LEP bound. It is noticed that for this benchmark point in going from (1 : 1 : 1|1 : 1 : 1) MSSM → (1 : 3 : 3|1 : 3 : 3) MSSM the flavor-physics contributions are unchanged but the value of the a µ contribution drops roughly by a factor of 4. This may be understood partially by noting that theχ 0 ,χ ± masses have increased. Thus as alluded to, while discussing the similar NLSP topography in the two cases, the low-energy observables are quite different at each point in the parameter space. Table 4 shows similarly a benchmark point for the NMSSM case. The choice of the benchmark points in both the MSSM and NMSSM were guided mainly by requirements of a viable mass spectra and low-energy observables, but we have specifically picked a point which gives a relatively light CP-even Higgs (close to the current LEP bound).
Regions where mf M λ may imply that the Poppitz-Trivedi type mass terms (these are R-symmetry preserving terms accounted for by a non-vanishing messenger supertrace) in these regions are small [4] . In our specific context the M λ mf may be understood as a consequence of a hierarchy between theB r andÃ r correlation functions, for all other parameters remaining the same. Thus by raising the overall scale of theÃ r relative to theB r the spectra may be inverted from an RGM like spectra. For example, consider the starting point (−6.5, −13.0) in the (log 10B1 , log 10Ã1 ) space (again with tan β = 10 and M m = Λ GU T ) which would roughly correspond to RGM in the (1 : 1 : 1|1 : 1 : 1) MSSM case. Then if we consider the re-scaling of theÃ r correlation functions as for K 1 as before, this changes the gluino-sfermion mass ratios to give an inverted spectrum
There also exist even at the low scale other very approximate scaling relations, between the superpartner masses and the hidden sector correlation function ratios, in large parts of the viable parameter space that are not completely washed out by the RG running. For instance it is found that in regions with small values ofÃ r for (1 : 1 : 1| 1 : 1 : 1) → (K : K : K| 1 : 1 : 1) , (3.11) at the high scale, we have the approximate scaling (mg, mχ 0 , mχ ± , mq, ml, mν) EW → ∼ (K mg, K mχ 0 , K mχ ± , K mq, K ml, K mν) EW . (3.12) This may be understood by noting that when theÃ r are relatively small the initial RG running of the sfermion masses is dominated by the gaugino mass terms (see Appendix A and B). The above scaling is just tantamount to changing the over-all scale of theB r correlation functions, and hence the gaugino masses at the high-scale. To give a concrete example consider in the To conclude, in this section we explored the effects of different hidden-sector correlation function ratios on low-energy observables and the SUSY mass spectra. Our main guiding points were observables from flavor physics and the muon anomalous magnetic moment. It was found that large regions of the GGM parameter space were disfavored (though not necessarily ruled out) from the viewpoint of these and there were interesting regions that gave sizeable contributions to (g − 2) µ on par with the current discrepancy.
Summary
It is indicative from the present study and some of the earlier ones [8] that low-energy observables can play a very complementary role to collider studies in deducing viable and interesting regions in the GGM parameter space. Specifically, we saw that there are strong relationships between the correlation function ratios in the hidden sector and the values of the low-energy observables and mass spectra at the low scale. Let us recapitulate some of the salient features noticed in the GGM case:
• Muon anomalous moment and flavor physics place strong constraints. The detailed features of the parameter space are found to depend sensitively on the correlation function ratios.
• The GGM scenario can more easily accommodate precision gauge coupling unification. This is due to the larger freedom of non-universal gaugino masses (due to differentB r ) that could lead to a lightg or heavyw relative to RGM scenarios.
• The topography of NLSP is found to depend on the correlation function ratios. Even in cases where the NLSP topography is naively similar there are significant differences in the mass spectra and low-energy observable values. A case in point is the (1 : 1 : 1|1 : 1 : 1) and (1 : 3 : 3|1 : 3 : 3) cases that we considered. Also, it is found that there are interesting regions and boundaries in the parameter space with multiple NLSPs. In these regions co-annihilations may be important and could lead to interesting phenomenology.
• We find that in most regions with interesting values of (g − 2) µ (i.e. within 2σ of the current discrepancy) the mass of the lightest CP-even Higgs boson is relatively small.
• There are very approximate, but interesting, scaling relations observed in large parts of the GGM parameter space (between the correlation function ratios at the high scale and sparticle masses at the low scale) that are not completely washed out by RG running.
• There are viable regions where the gauginos are lighter than sfermions. These regions may have interesting phenomenological implications. This may be understood as a hierarchy between theB r andÃ r correlation functions.
• There are also allowed regions where the RGM intuition of largeq tol ratios is no longer true. These are regions where the correlation functionsÃ r are large. These regions favor largerl masses relative toq due to the fact thatl hypercharges are typically larger than the correspondingq hypercharges. Thus there is a slight enhancement to thel masses in these regions.
• Theg toχ mass ratio may again be small in contrast to RGM expectations. This may be partially understood as a consequence of the hierarchy betweenB 2 andB 3 correlation functions.
• TheÃ r are unbounded from below. This is the limit where the sfermion soft masses at the GUT scale tend to zero, since we have put the Fayet-Iliopoulos term ζ = 0, and the initial sfermion mass generation is essentially due to the gaugino masses during RGE.
